Spermatogonial stem cells (SSCs) are the most primitive spermatogonia in the testis and have an essential role to maintain highly productive spermatogenesis by self-renewal and continuous generation of daughter spermatogonia that differentiate into spermatozoa, transmitting genetic information to the next generation. Since the 1950s, many experimental methods, including histology, immunostaining, whole-mount analyses, and pulse-chase labeling, had been used in attempts to identify SSCs, but without success. In 1994, a spermatogonial transplantation method was reported that established a quantitative functional assay to identify SSCs by evaluating their ability to both self-renew and differentiate to spermatozoa. The system was originally developed using mice and subsequently extended to nonrodents, including domestic animals and humans. Availability of the functional assay for SSCs has made it possible to develop culture systems for their ex vivo expansion, which dramatically advanced germ cell biology and allowed medical and agricultural applications. In coming years, SSCs will be increasingly used to understand their regulation, as well as in germline modification, including gene correction, enhancement of male fertility, and conversion of somatic cells to biologically competent male germline cells.
Introduction
Spermatogenesis plays a pivotal role in the continuity of the male germline by producing haploid spermatozoa that fertilize eggs and eventually produce progeny for the next generation. Mammalian spermatogenesis is a highly productive and coordinated process, which is subdivided into three successive phases based on functional considerations: the proliferative phase (spermatogonia), in which cells undergo continuous, successive divisions, the meiotic phase (spermatocytes) in which genetic material is recombined, and the differentiation or spermiogenesis phase, in which spermatids transform into spermatozoa. The high productivity of spermatogenesis relies primarily on the proliferation of spermatogonia, which occurs in the mitotic spermatogonial compartment of the seminiferous tubule [1] .
However, the life-long maintenance of spermatogenesis is dependent on the biological competence of the extremely rare spermatogonial stem cells (SSCs), which are capable of self-renewal and production of daughter cells to generate terminally differentiated cells, spermatozoa. Since the 1950s, a tremendous effort with rodent models, using histological approaches, whole-mount analyses, and isotope pulse-chase monitoring, had been made to understand SSCs [2] , but a means to unequivocally identify SSCs was the major hurdle. SSCs were believed to be the least differentiated spermatogonia, called type A single (A s ) spermatogonia, which remain as single cells on the basement membrane of the seminiferous tubule. Germ cells, including spermatogonia, undergo incomplete cell division during differentiation, and when A s spermatogonia undergo differentiation, they For permissions, please e-mail: journals.permissions@oup.com Figure 1 . Outline of spermatogonial transplantation method and quantitative assay for SSCs. Single-cell suspension prepared from testes of transgenic mice expressing a reporter gene (e.g., β-galactosidase) by enzymatic digestion is injected into the seminiferous tubules of an infertile recipient mouse. Cells from in vitro culture or cells fractionated by FACS or MACS can be used for a donor cell population. Two months after transplantation, donor-derived spermatogenesis can be detected in the recipient testis as blue colonies. Because each colony of spermatogenesis is developed from a single SSC, the number of colonies represents the number of SSCs in the donor cell suspension. The length of each colony demonstrates the degree of SSC expansion. Modified from [199] .
generate type A paired (A pr ) spermatogonia, which are interconnected by an intercellular bridge. If they remain in the undifferentiated state, A s spermatogonia generate two A s spermatogonia without an intercellular bridge. This mitotic pattern is called a symmetric self-renewal division. Subsequent cell divisions of the A pr spermatogonia generate A aligned-4 , A aligned-8 , and A aligned-16 (A al ), which will differentiate to type A1 spermatogonia. The A s , A pr , and A al spermatogonia are called undifferentiated spermatogonia, and the undifferentiated spermatogonia population is heterogeneous. The A s spermatogonum has been designated an SSC, and their number is calculated to be as low as 0.03% of total adult testis cells [3] . The small number of SSCs and the inability to unequivocally identify them has greatly hindered our ability to understand the biology of SSCs, the complexity of spermatogenesis, and regulation of the male germline. In this chapter, we provide an overview of the advancement in our knowledge regarding SSCs and the male germline, since the development of the spermatogonial transplantation method in 1994 [4, 5] , which was a major breakthrough for basic research on SSCs, for clinical applications and in agriculture.
Spermatogonial stem cell transplantation

Development of spermatogonial stem cell transplantation method
A technique for microinjection of donor germ cells into seminiferous tubules of infertile recipient males was first reported using mice in 1994 to identify SSCs by their biological function [4, 5] . In the initial approach, testis cell suspensions from transgenic mice expressing a reporter gene, lacZ encoding β-galactosidase, were used to unequivocally identify donor cells in recipient testes after transplantation by staining with X-gal (5-Bromo-4-chloro-3-indolyl-β-D-galactoside) ( Figure 1 ). When donor testicular cells from fertile males are injected into the lumen of the seminiferous tubules of an infertile recipient male, some donor germ cells migrate toward the seminiferous tubule periphery passing through the tight junction of Sertoli cells, which form the blood-testis barrier. Because spermatogenesis is not present in the recipient males, donor germ cells can more readily penetrate the epithelial layer of Sertoli cells and reach the basal lamina surrounded by the peritubular myoid cells. Two types of infertile mice can be used for recipients. One type can be prepared by injection of Busulfan, an alkylating agent used for cancer chemotherapy, which will eliminate endogenous germ cells, including SSCs. The second type of recipients are specific mutant mice lacking spermatogenesis, such as White-spotting (W) mouse strains that have mutations in the Kit gene that encodes a receptor tyrosine kinase responsible for proliferation of primordial germ cells (PGCs) in the fetus and spermatogonia in postnatal testes [4] . In addition, immature testes before forming the blood-testis barrier of Sertoli cells, which occurs between 10 and 16 days postpartum in the mouse, are excellent recipients resulting in a significant improvement of the colonization efficiency [6, 7] . After microinjection into infertile recipient testes, the donor germ cells colonize the basement membrane of the recipient seminiferous tubules and regenerate spermatogenesis. Donor cell-derived spermatozoa appear by 2 months after transplantation. The donor-derived spermatozoa are morphologically normal and are able to fertilize eggs, resulting in production of fertile progeny carrying the donor Figure 2 . Spermatogonial transplantation methods and regeneration process of donor-derived spermatogenesis. (A) Three cell-injection methods into a recipient testis are shown. The micropipette can be inserted directly into the seminiferous tubules (a), into the rete testis (b), or into an efferent duct (c). (B) A micropipette was inserted through an efferent duct into rete testis. Seminiferous tubules of a recipient testis were beginning to fill by injecting donor cells with dye (trypan blue). Modified from [9] . (C-F) Regeneration process of donor-derived spermatogenesis from transplanted SSCs expressing β-galactosidase. (C) One week after transplantation, some blue donor cells were observed on the basement membrane. (D) Two weeks after transplantation, spreading interconnected spermatogonia were observed. (E) Two months after transplantation, dark blue colonies with complete spermatogenesis were identified. Donor-derived spermatogenic colonies continued to grow at the extremities. (F) Donor SSCs-derived spermatogenic colonies were identified as blue stretches of tubules under lower magnification by 2 months after transplantation. Each blue colony in the recipient testis is developed from a single donor SSCs. The testes were stained with X-gal. Scale bars: (C-E) 100 μm, (F) 2 mm. Modified from [10] .
male haplotype. This proves that donor-derived spermatozoa are functionally normal [4] . Furthermore, the reconstituted spermatogenesis continues during the remaining life of the recipient male. The spermatogenesis-reconstituting cells fulfill the biological criteria for a stem cell, both the ability to self-renew and differentiate into the appropriate terminal cell type; therefore, the spermatogonial transplantation technique has made it possible to unequivocally identify SSCs in any donor-cell population based on their biological function and established the second functional assay for stem cells following the previously established bone marrow transplantation system for hematopoietic stem cells (HSCs) [8] .
Distributing donor cells to many areas of seminiferous tubules is critical to maximize colonization efficiency of transplanted SSCs. Because all seminiferous tubules access the rete testis, microinjecting donor cells into the rete testis followed by filling of many seminiferous tubules is the most efficient way to achieve this goal. Three ways to inject donor cells have been developed [9] . The first method is to inject donor cells directly into the seminiferous tubule using a micropipette, which was the first method reported [5] (Figure 2Aa ). Donor germ cells introduced are forced into the rete testis from the injected tubule and can then enter other seminiferous tubules. The second method is to insert a micropipette directly into the rete testis and inject donor cells, which fill the rete and flow into the seminiferous tubules (Figure 2Ab ). When injection pressure is increased too rapidly or is too high, some leakage around the insertion site of the rete testis may occur. The third method is to insert a micropipette into one of the efferent ducts and thread it into the rete testis in a retrograde direction (Figure 2Ac and B). This method is the most accurate to control the injection volume because less cell suspension can leak from the insertion site of the micropipette, and seminiferous tubule filling of 70 to 90% can be achieved routinely.
Regenerative spermatogenesis from spermatogonial stem cells
The regeneration process of donor-derived spermatogenesis from transplanted SSCs has been investigated using transgenic mice expressing the β-galactosidase reporter gene [10] . During the first week following donor cell transplantation, some donor germ cells reach and colonize the basement membrane ( Figure 2C ). After 2 weeks, spreading interconnected spermatogonia appear, indicating the donor cells begin proliferating laterally on the basement membrane ( Figure 2D ). About 1 month following transplantation, donorderived spermatocytes appear in the adluminal compartment of the seminiferous tubules. By 2 months after transplantation, the recipient seminiferous tubules are filled by donor germ cells, and donor spermatozoa can be identified. The complete spermatogenesis established by donor cells forms identifiable colonies, and the area of donor-derived spermatogenesis continues to extend laterally along recipient seminiferous tubules ( Figure 2E and F) . Although the process of spermatogenesis from type A spermatogonia to mature spermatozoa in mice is 35 days [1] , nearly twice as long as necessary to differentiate into donor spermatozoa following transplantation [10] . The reason for the difference of 35 days versus 2 months remains unclear, but the migration and colonization processes from the lumen to the basement membrane are likely involved in the time lag to Downloaded from https://academic.oup.com/biolreprod/article-abstract/99/1/52/4956760 by OUP site access user on 04 October 2018 produce mature spermatozoa following transplantation. Furthermore, the time required for differentiation from an SSC to A1 spermatogonium is not known and not counted in the 35 days; therefore, this differentiation time may account for a significant part of the additional 1 month for transplanted SSCs to produce spermatozoa.
Quantitative functional assay for spermatogonial stem cells
Controlling the injection volume of a donor cell suspension transplanted to a recipient testis has made it possible to establish a quantitative analysis of SSCs. When β-galactosidase-expressing SSCs are transplanted, donor-derived spermatogenesis can be unequivocally identified as blue colonies after staining with X-gal in the recipient testes 2 months after transplantation (Figure 1 ). These spermatogenic colonies are each derived from a single donor cell [11] [12] [13] , and the colony number does not change from 1-4 months, whereas the length of colonies increases [10] . Thus, while the number of blue colonies represents the number of SSCs, which successfully colonized recipient testes, in donor cell suspensions, the area of blue colonies represents the proliferative ability of each SSC colonized, both of which can be quantified by an imaging analysis [11] . In addition to β-galactosidase, any visible reporter gene product, such as green fluorescent protein (GFP) or other fluorescent proteins, can be used to identify spermatogenic colonies derived from donor SSCs in recipient testes.
In a previous whole mount analysis of seminiferous tubules, the estimated quantity of A s spermatogonia was 0.03% of all germ cells in an adult testis [3] . If all A s spermatogonia are considered SSCs, the SSC number in an adult mouse testis was calculated to be approximately 35 000. Using the estimated number, the colonization efficiency of SSCs in adult recipient testes is 4.25% (functional value (colony number)/SSC number from morphological readout) [14] . On the other hand, the colonization efficiency of SSCs based on the transplantation assay has been estimated to be approximately 12.5% (functional value/SSC number from functional readout), and the functional SSC number estimated to be 3000, which represents 0.01% of all seminiferous tubule cells [15] . The functional assessment of SSC number in the adult testis suggests that all A s spermatogonia are not functional SSCs that are able to colonize the basement membrane and regenerate long-term spermatogenesis; therefore, the 4.25% value likely underestimates the colonization efficiency, and the calculation using this efficiency overestimates the absolute number of total SSCs. The reason for the low colonization efficiency following transplantation is not clear, but spontaneous differentiation and apoptosis before reaching the basal lamina and the necessity to migrate through the blood-testis barrier between Sertoli cells in the opposite direction of normal spermatogenesis are possible contributing reasons. Although the molecular mechanism of the homing process of donor SSCs through the blood-testis barrier is largely unknown, several molecules have been tentatively identified as important, including integrin β1 (ITGB1), chemokine (C-X-C motif) ligand 12 (CXCL12), RAC1, and claudins (CLDNs) [16, 17] . Because the number of functional SSCs is extremely low in testes, improving the colonization efficiency of SSCs is important in many applications and therapeutic uses of SSCs, and elucidation of the mechanism of the homing process should increase colonization efficiency.
Functional assay for spermatogonial stem cell potential
The spermatogonial transplantation technique can be used to identify progenitor cells of SSCs. In mice, the first SSCs arise from a subpopulation of gonocytes, also called prospermatogonia, a few days after birth. Gonocytes are immature germ cells and follow PGCs in male germ cell development. By 11.5 dpc (days post coitum), PGCs migrate into the fetal gonad from the proximal epiblast, where they arise at 6.5 dpc, and differentiate to gonocytes at approximately 13.5 dpc. Subsequently, the gonocytes become mitotically inactive and remain in the center of the seminiferous tubules until birth. When neonatal and fetal gonocytes (14.5 dpc∼) are transplanted into seminiferous tubules of adult recipient testes, donor-derived spermatogenesis can be reconstituted [4, 6, 18, 19] . This indicates that the donor gonocytes can give rise to SSCs in the mature testis environment. Furthermore, not only PGCs, but also epiblast cells can reconstitute spermatogenesis when transplanted into immature W mouse testes before the blood-testis barrier of Sertoli cells is formed, and produced spermatozoa [20] . Although adult recipient testes were not able to support the conversion of PGCs to SSCs [19] , the immature testis environment did enable the differentiation process from PGCs to SSCs, including proper epigenetic modification. Indeed, normal fertile progeny were produced by microinsemination using donor-derived spermatids or spermatozoa from as early as 8.5-dpc PGCs [20] . This indicates that the transplantation technique can be used for not only a functional assay to identify SSCs, but also for assessing developmental potential of earlier differentiation steps to produce SSCs, when immature recipient testes are used.
Derivation of functional spermatozoa from pluripotent stem cells in vitro is an attractive approach to study germ cell development and restore fertility. A series of stepwise studies of the developmental process from early embryonic cells to PGCs eventually lead to generation of functionally normal spermatozoa from embryonic stem (ES) cells and induced pluripotent stem (iPS) cells in the mouse [21, 22] . In this study, epiblast-like cells were initially generated from pluripotent stem cells, and then further differentiation to PGC-like cells was induced in culture. The PGC-like cells were transplanted into immature W mouse testes to generate SSCs. In the recipient testes, donor PGC-like cell-derived spermatogenesis occurred, and spermatozoa were collected from the recipient seminiferous tubules. Microinsemination using the spermatozoa successfully generated offspring transmitting the donor haplotype. The progeny were fertile, and no abnormalities were observed [22] . Although an in vitro differentiation system to produce functional haploid germ cells from PGC-like cells from pluripotent stem cells has been reported [23] , the procedure is complex and the applicability to all mouse strains is not clear. Therefore, the transplantation procedure is still the most effective and reliable approach to generate functional spermatozoa from PGCs or PGC-like cells.
Cryopreservation of spermatogonial stem cells
The transplantation technique has demonstrated that SSCs can be cryopreserved for a long period in liquid nitrogen by a protocol commonly used for somatic cells [24] . SSCs thawed after a 14-year storage in liquid nitrogen retain the ability to regenerate spermatogenesis following transplantation, and the spermatozoa recovered generated normal progeny by microinsemination [25] (Figure 3 ). Because SSCs have the ability to self-renew and expand in number, cryopreservation of SSC-containing cell populations provides a potentially immortal lifespan for germlines of individual males. Although semen cryopreservation can be used to preserve the germline of certain economically, biologically, or scientifically valuable males, including livestock breeds or endangered animal species, semen cryopreservation represents a resource limited by the number of [25] . spermatozoa in the sample, and the cryopreservation protocols must be developed for each species. Cryopreservation methods for all mammalian SSCs examined are identical and basically the same procedures used for somatic cells [24, [26] [27] [28] [29] [30] [31] ; therefore, cryopreserving SSCs is more suitable for preservation of male germlines and the only method applicable for prepubertal males and in those species where specific techniques have not been developed for cryopreservation of spermatozoa.
A critically important aspect of SSC cryopreservation is that SSCs retain all the potential recombination possibilities during meiotic divisions, whereas the genetic variation of spermatozoa preserved is limited by the number of spermatozoa present in the sample. Furthermore, SSCs are able to self-renew in culture; thus, providing a potentially unlimited source of any individual male's genetic program and the variability contained within that program. Although long-term culture techniques are available for only a few species at present, techniques for many of the valuable species, including human, livestock, or endangered animals, are certain to be developed in the future.
Spermatogonial stem cell niche
Self-renewal and differentiation of stem cells must be precisely regulated, and intrinsic and extrinsic factors are involved. The surrounding microenvironment of stem cells is called the stem cell niche, which provides extrinsic factors for maintaining stem cell competence [32] . The testis cell transplantation technique was originally developed for SSC transplantation and evaluation but is also valuable to investigate the biological function of the SSC niche. When SSCs from adult mice were transplanted into infertile pups and adult recipient testes, the number of spermatogenic colonies generated in pup testes was about 10 times greater than in adult testes [6] . In addition, the length of colonies generated was four times longer in pup testes than in adult testes ( Figure 4A ). These findings indicate that the SSC niche in pups is more accessible and supportive of transplanted SSCs than that in adults. Conversely, aged testes are less supportive of transplanted SSCs. Although some male mice can maintain spermatogenesis and are fertile until old age (over 2-years-old), the number of SSCs begins to decrease after the first year and is generally very low by 2 years of age. Although the SSC number in old males is low, the colony length generated by transplanted SSCs from young and old males is the same [33, 34] (Figure 4B ). In contrast, SSCs from young males rarely colonized and regenerated spermatogenesis in atrophic aged testes of 2-year-old mice [34] . In addition, serial transplantation of SSCs into young recipient males demonstrated that the SSC number and the SSC activity of the transplanted SSCs did not change up to 32 months, during which time SSCs were serially transplanted eight times, every 3 months into young recipients [33] . These serial transplantation experiments indicate that the young SSC niche extends the competency of SSC beyond the normal life span of the mouse. Thus, aging of the SSC niche is the critical factor for maintenance of SSCs, and dysfunction of the SSC niche results in the decreased number of SSCs in old males.
These experiments demonstrate that the transplantation assay can be used to evaluate the biological impact of the SSC niche in recipient testes. Components of the stem cell niche comprise neighboring cells, soluble factors, and extracellular matrices. The neighboring cells include Sertoli cells, peritubular myoid cells, Leydig cells, potentially other interstitial cells, and spermatogonia. In particular, Sertoli cells play a critical role in establishing the SSC niche, because they produce glial cell line-derived neurotrophic factor (GDNF) and fibroblast growth factor 2 (FGF2), which are the primary and secondary critical soluble factors for self-renewal and expansion of SSCs in vivo and in vitro [35] [36] [37] [38] [39] . Moreover, the number of The colony number and length of donor-derived spermatogenesis generated in recipient testes were analyzed 2 months after transplantation. The colony number and length in pup recipient testes were 9.4-fold and 4-fold greater than those in adult recipient testes, respectively [6] . This result indicated that the SSC niche in immature testes is more accessible and supportive for transplanted SSCs. (B) The colony number (SSC number) and the length of colony generated by SSCs from young to old donor males. The SSC number progressively decreased as the males aged, but the colony length from young and old males was not significantly different [33] .
Sertoli cells influences the number of niches accessible for colonization of transplanted SSCs in mice [40] . Following SSC transplantation, the number of spermatogenic colonies derived from donor SSCs was significantly increased 3-fold in recipient testes with an ∼50% increase in Sertoli cell numbers compared with normal recipient mice. In addition to GDNF and FGF2, insulin-like growth factor 1 (IGF1), CXCL12, and colony-stimulating factor 1 (CSF1) are candidate SSC niche factors, because they enhance expansion or survival of SSCs [37, [41] [42] [43] . Using the transplantation assay, it has been shown that CSF1 selectively increases the number of SSCs in vitro relative to the number of spermatogonia and other germ cells in the culture. It is important to identify the sources of these factors to fully understand the function of the niche. Like GDNF and FGF2, it has been demonstrated that IGF1 and CXCL12 are expressed in Sertoli cells [41, 42, 44] . Although CSF1 is expressed in Leydig cells and myoid cells [43] , a recent study has shown that CSF1 is also produced from specialized peritubular macrophages in addition to vascular-associated macrophages and vascular smooth muscle cells [45] ; thus, some cells expressing CSF1 are closely associated with the basement membrane and undifferentiated spermatogonia, including the SSC. Furthermore, in addition to Sertoli cells, it has been shown that peritubular myoid cells and vascular smooth muscle cells express GDNF [46, 47] , and that premeiotic germ cells express FGF2 [48] . Based on the distribution of cell sources to produce these critical factors for SSC self-renewal, further investigation to clarify the roles of individual factors and functional interaction of each factor will be critical to fully understand the SSC niche.
Restoration of fertility by transplantation
There are a number of congenital disorders leading to impairment of spermatogenesis, which result in male infertility; however, the exact mechanism of many disorders is still unclear [49] . As seen in age-related degeneration of spermatogenesis, which can be caused by defects or dysfunction of either germ cells or their microenvironment, congenital disorders in spermatogenesis can also result from either germ cells or surrounding cells.
Spermatogonial transplantation can be used to elucidate the mechanism of genetic defects in spermatogenesis and to restore fertility in infertile males. The first proof of principal was from infertile mice with congenital mutations of the Steel (Sl) locus and W locus. The Sl locus encodes KIT-ligand (KITL) and the W locus encodes KIT. Several mutations in the Sl locus have been identified, and mice with the Sl d mutation do not express the membrane-bound form Interspecies transplantation (xenotransplantation) [52] . The transplantation assay between mutant and wild-type mice is a powerful approach to elucidate the mechanism of impaired spermatogenesis of mutant mice and the function of mutated genes, because the assay can clarify the self-renewal or differentiation ability of SSCs, as well as the function of their niche, or differentiation environments. Although species differences in gene function may exist, spermatogonial transplantation of mice provides a valuable model for studying male infertility in humans.
The transplantation of Sertoli cells into the seminiferous tubule can provide an approach to restore fertility in some infertile males. [54] . These studies demonstrate an alternative approach to restore fertility in infertile males by transplantation of the appropriate milieu for spermatogenesis. A major drawback of this approach is low colonization efficiency of donor Sertoli cells [53] . Because recipient Sertoli cells form intact seminiferous tubules with tight junctions, penetration of donor Sertoli cells into the epithelial sheets is likely inefficient; therefore, elimination of endogenous Sertoli cells could improve colonization efficiency of donor Sertoli cells [55] . Moreover, transplantation of xenogeneic Sertoli cells in addition to xenogeneic SSCs into immunocompromised mice would reconstitute the SSC niche for foreign species and their differentiation milieu resulting in reconstitution of spermatogenesis, which could be used for xenogeneic spermatogenesis in mice (see below).
Application of spermatogonial transplantation method to nonmouse systems
Spermatogonial stem cell transplantation in rats
The spermatogonial transplantation technique developed in the mouse has been extended to many other species, including rats, dogs, goats, sheep, pigs, cattle, and monkeys [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] (Table 1 ). The transplantation method for rats is essentially the same procedure as for mice. Donor germ cells are injected into infertile recipient rat testes through the efferent duct [57, 67, 68] . Recipient males can be prepared by injection of Busulfan to deplete endogenous germ cells, although the injection dose of Busulfan must be reduced for recipient rats because they are more sensitive to the drug than mice. There are no infertile rat strains with congenital mutations, like W mice, that are suitable for recipient males. After Busulfan treatment in rat, some endogenous spermatogenesis remains, but complete removal of endogenous germ cells is not necessary because residual endogenous spermatogenesis is helpful to maintain a healthy testicular microenvironment to enhance donor spermatogenesis [68] . When testicular cells from wild-type rats or transgenic rats expressing β-galactosidase were transplanted into recipient testes, progeny with the donor haplotype were produced in the recipient from the allogeneic combinations [67, 68] .
Modification of spermatogonial transplantation method for nonrodent animals
The procedures for spermatogonial transplantation in nonrodents require modification because of the species-specific anatomy of the testis, particularly size and rete testis structure. While three methods to inject donor germ cells were developed in the mouse system, direct injection of donor SSCs into the rete testis by ultrasound guidance or surgical dissection has been shown to be a feasible approach in nonrodents, such as farm animals and companion animals [58, 59, 62, 63, 69, 70] (Table 1) . For preparation of recipients, Busulfan injection or local irradiation of testes can be used in nonrodent species. Although appropriate injection timing and doses for Busulfan or irradiation protocols must be determined in each species, complete removal of endogenous germ cells is not essential, and like rats, residual endogenous spermatogenesis could help to maintain a healthy testicular microenvironment to enhance donor spermatogenesis. In addition, it has been shown that immature males before onset of spermatogenesis without pretreatment can be used as recipients in pig, goat, and cattle [58, 59, [71] [72] [73] . In nonrodent animals, transgenic strains that express a reporter gene are not available, and there are no spermatogenesis-impaired males with congenital mutations suitable for recipients. Therefore, proving regeneration of donor-derived spermatogenesis following transplantation is no easy task, because recipients can produce both donor-and recipient-derived spermatozoa. To demonstrate donorderived sperm production in recipients, viral transduction was employed to genetically label donor SSCs. Using lentivirus vector or adeno-associated virus vector, transgenic sperm were successfully detected by genotyping of ejaculates in pig, goat, dog, and Rhesus monkey [66, 72, 74, 75] . It should be pointed out, however, that semen samples might contain somatic cells and the virus vectormediated approach cannot rule out the possibility of transduction into endogenous germ cells or somatic cells by residual intact virus particles. Another approach to confirm donor-derived spermatogenesis is detection of donor-specific microsatellite DNA in semen samples, which has been employed in dog, sheep, cattle, and Rhesus monkey [61, 66, 71, 76] . Again, this approach alone cannot distinguish between DNA coming from somatic cells versus sperm of donor origin; therefore, production of embryo by in vitro fertilization or micro insemination using the sperm or, ideally, generation of progeny is evidently required for demonstration of complete donorderived spermatogenesis. So far, progeny with donor SSC haplotype were successfully generated in goat and sheep [73, 76] , while production of embryo using donor-derived sperm were demonstrated in pig, goat, and Rhesus monkey (Table 1) . Taken together, although generation of progeny derived from donor SSCs is crucial to unequivocally demonstrate feasibility of spermatogonial transplantation in nonrodent animals, these studies demonstrate that spermatogonial transplantation techniques are applicable to nonrodent species.
Xenotransplantation using immunocompromised mice
Autologous, syngeneic, and allogeneic donor/recipient combinations have been used in spermatogonial transplantation in intraspecies experimental settings [60, 62, 66, 77] . The first interspecies spermatogonial transplantation was performed injecting rat donor cells into mouse testes. Following transplantation of rat testis cells into the seminiferous tubules of immunocompromised mice treated with Busulfan, rat spermatogenesis was established in the recipient mouse testes [78] (Figure 5A and B). The rat spermatozoa, which developed in the recipient mouse testes, were morphologically and functionally normal, because the rat spermatozoa generated normal progeny by microinsemination into rat oocytes [79] . Conversely, mouse SSCs also colonized rat testes and reconstituted mouse spermatogenesis following transplantation [57, 67] . Complete spermatogenesis from transplanted SSCs has been obtained in other combinations between rodents, such as hamster-to-mouse [80] . This finding suggests that xenogeneic spermatogenesis could be reconstituted by transplantation of SSCs from a phylogenetically closely related species. Although the differentiation time from type A spermatogonia to mature spermatozoa is different among species (30-75 days in most mammals), the causal factors are not clear. The rat-to-mouse spermatogonial transplantation experiments demonstrated that the timing of germ cell differentiation during spermatogenesis is controlled by the germ cell genotype [78] . While development of type A spermatogonia to spermatozoa takes 35 days in mice, rats require 52 days [1] . Surprisingly, rat spermatogenesis in mouse seminiferous tubules progresses at the slower rate of rat spermatogenesis, although mouse Sertoli cells provide the support and nourishment for the rat germ cell differentiation, indicating that the endogenous program of the germ cells regulates species-specific timing of differentiation during spermatogenesis [81] .
To extend the xenogeneic spermatogonial transplantation approaches into mammalian species other than rodents, including rabbits, cats, dogs, pigs, cattle, horses, marmosets, baboon, macaques, and humans, germ cells from those species were transplanted into Busulfan-treated immunocompromised male mice [26] [27] [28] [29] [30] [82] [83] [84] . However, complete spermatogenesis from donor nonrodent SSCs did not develop (Table 1) . Although differentiation of donor-derived spermatogonia did not occur in the recipient testes, colonies of donor germ cells from all nonrodent mammals examined were formed on the basal lamina ( Figure 5C and D) .The germ cell colonies persisted in the recipient testes for 1-12 months, indicating that the colonies contained germ cells that can survive and proliferate in the seminiferous tubules of immunocompromised mice for long periods [26-30, 82, 83] . The germ cell colonies formed in the recipient testes likely contain SSCs or undifferentiated spermatogonia due to their longlived nature, and therefore the colony-forming spermatogonia in immunocompromised mice testes are often considered to represent SSCs. Because no functional assay for nonrodent SSCs has been yet developed, the xenogeneic transplantation system with immunocompromised mice has been used as a facultative method for assessment of nonrodent SSC activity, although interpretation of experimental results has to be cautious. Assuming that the colony-forming cells are nonrodent SSCs, the xenogeneic transplantation experiments demonstrate that factors produced in the microenvironments of the colony-formed area, likely mouse SSC niche, are able to support survival and proliferation of SSCs from nonrodent species and the exogenous factors are conserved among mammalian species, while differentiation factors must be species-specific. When nonrodent xenogeneic SSCs are transplanted into mouse testes, Sertoli cell transplantation from the same species as the donor SSCs may overcome the block in differentiation of xenogeneic donor SSCs in the mouse microenvironment. Successful colonization of xenogeneic Sertoli cells would re-establish the necessary microenvironment for foreign species spermatogenesis in immunocompromised mice. Such reconstitution system can be used as a functional assay for nonrodent SSCs. At present, the SSC characteristics of nonrodent mammals are largely unknown because there is no functional assay to unequivocally identify them. Therefore, it is extremely important to develop functional assays for nonrodent SSCs in which both self-renewal and differentiation can be evaluated, which will allow a definitive conclusion on whether the colony-forming cells in the mouse testes are nonrodent SSCs.
Identity of spermatogonial stem cells
The number of SSC in the seminiferous tubules of adult mouse testes is only 0.01% [15] . Therefore, identification of the phenotype of SSCs is critical to investigate SSCs at the single-cell level in the context of tissue sections or whole mount analyses. Several methods to enrich SSCs from postnatal testes were developed, including differential plating, density-gradient centrifugation, experimental surgical cryptorchidism, and antibody-based selection [18, 50, 85] . Among the methods for antibody-based selection to isolate particular subpopulations from a mixed cell population, fluorescence activated cell sorting (FACS) has proved to be the most precise to identify stem cell populations from a variety of tissues [86] . An approach using FACS together with a functional transplantation assay was initially developed to identify HSCs. After considerable effort, the unique cell surface phenotype of murine HSCs was successfully determined, although mouse HSCs are less than 0.01% of the cells in bone marrow [87] . Utilizing a similar experimental approach, the cell surface phenotype of SSCs in mice and rats was determined. When the testicular cell population of isolated testes is divided based on expression of cell surface molecules by flow cytometric analysis, each fraction can be isolated by FACS and subjected to the spermatogonial transplantation assay. Two months after transplantation of each cell fraction, recipient testes are analyzed to count donor-derived spermatogenic colonies (Figure 1 ). The number of spermatogenic colonies generated by different cell populations indicates the number of SSCs in that population of cells. By repeating this process, the antigenic profile of SSCs in mice has been determined to be integrin α6 (ITGA6) + ITGB1 + thymus cell [18, 93] .
Other than antibody staining for cell surface molecules, FACS can be used for cell fractionation based on cellular activity, such as efflux pump activity, mitochondrial activity, cell-cycle, and intracellular enzymatic activity, which all have been used for HSC identification [90, [94] [95] [96] [97] . Fractionation by these parameters is useful for nonrodent and nonhuman animals, because the availability of antibodies for those species is limited. To identify SSC-specific gene expression, transgenic mice in which a reporter gene, such as GFP, or a site-specific recombinase, such as Cre, is inserted downstream of the promoter of a gene of interest, have been used. Several genes expressed in undifferentiated spermatogonia, including Pou5f1 (Oct-3/4), Neurogenin 3 (Ngn3), Nanos2, inhibitor of DNA binding 4 (Id4), Bmi1, Pax7, and telomerase reverse transcriptase (Tert) have been investigated [98] [99] [100] [101] [102] [103] [104] [105] . Following identification of genetically marked cells in the testes by flow cytometry, the cells can be isolated by FACS and transplanted into recipient testes to determine the SSC activity. Although no SSC-specific molecules have been identified, this approach could allow better fractionation of undifferentiated spermatogonia and would be useful to characterize each spermatogonia subpopulation based on the SSC activity. Although A s spermatogonia have been thought to be SSCs for a long time, recent live image studies using GFP-labeled Ngn3 spermatogonia by whole mount analysis suggest that fragmentation of A al spermatogonia resulted in generation of A pr or A s spermatogonia occurred. Furthermore, the A pr and A s spermatogonia reinitiate formation of A al spermatogonia [106] . Because no specific molecular marker for A s , A pr , and A al spermatogonia has been identified, their individual SSC activity cannot directly be assessed. However, the whole mount study suggests that some nonstem cell undifferentiated spermatogonia might revert to stem cells. To support this, KIT-expressing type A1 spermatogonia have been shown to possess SSC potential [107] . It is not clear, however, that these reversion pathways from differentiating spermatogonia to SSCs contribute to normal spermatogenesis; therefore, the biological significance of this phenomenon remains to be determined. In any event, if a molecular marker specifically expressed in SSCs could be identified, the SSC behavior in the testis will be able to be clarified in future. Because even in a single cohort of A al spermatogonia, gene expression patterns in individual spermatogonia appeared to be different [108] , A al spermatogonia may contain a few SSCs. If individual spermatogonia within an A al spermatogonia syncytium could be isolated, it would be possible to examine whether a single cohort of A al spermatogonia contain SSCs by the transplantation assay. Functional activity of SSCs combined with whole mount analysis, flow cytometry, and live imaging is necessary to fully elucidate SSCs at molecular, cellular, and population levels.
Spermatogonial stem cell culture
Mouse
The first long-term maintenance of murine SSCs in culture was demonstrated in 1998 [109] . In this study, unfractionated testicular cells from neonatal and adult transgenic mice expressing β-galactosidase were cultured for up to 4 months on STO (SIM mouse embryo-derived thioguanine and ouabain resistant) feeder cells, which have been routinely used for mouse ES cell cultures, in a regular 10% fetal bovine serum (FBS)-supplemented medium. To determine whether SSCs were maintained in culture, the stem cell activity of cultured cells was examined by the transplantation assay [109] . In recipient testes transplanted cultured cells derived from neonatal testis, donor-derived spermatogenic colonies were identified, demonstrating that SSCs could be maintained in culture at least 4 months [109] . However, no expansion of SSCs was observed, and the number of surviving SSCs was very low. Therefore, the effect of several cytokines, including FGF2, leukemia inhibitory factor (LIF), and KITL, on SSC survival was investigated. FGF2 and KITL stimulate PGC proliferation [110, 111] , while LIF is essential for self-renewal of mouse ES cells [112, 113] , but none of these factors supported an increase in SSC number [114] . Although a large number of SSCs were lost after 1 week in culture, a beneficial effect of GDNF on SSC maintenance was demonstrated in this shortterm culture experiment [114] . Originally, GDNF was identified as a neurotrophic factor [115] , but a seminal study reported in 2000 demonstrated that GDNF is a critical regulator of fate determination of undifferentiated spermatogonia in mice [36] . In this study, GDNF-overexpressing mice showed abnormal proliferation of spermatogonia, whereas hemizygous GDNF-knock-out mice gradually lost spermatogonia, resulting in seminiferous tubules lined only by Sertoli cells. In both cases, the males became infertile due to impaired spermatogenesis. This result indicated that GDNF controls spermatogonial proliferation and differentiation in a dose-dependent manner [36] . Subsequently, a positive effect of GDNF on SSC selfrenewal was demonstrated by overexpression of GDNF in Sertoli cells by electroporation of a GDNF-expression vector [116] . As seen in the GDNF-overexpressing transgenic mice, expansion of undifferentiated spermatogonia occurred. In addition, the transplantation assay demonstrated an increase in SSC number in the transfected testes [116] . However, GDNF supplementation did not result in proliferation of SSCs in the culture conditions employed; therefore, whether GDNF was directly stimulating proliferation of SSCs or indirectly regulate the SSC number in testes was not clear [114] .
The first report of in vitro expansion of SSCs was in 2003 culturing gonocytes, precursor of SSCs, from newborn mice of genetic background ICR or BDF1 (C57BL/6 x DBA/2). The gonocytes enriched by a differential plating were cultured on mouse embryonic fibroblasts (MEFs) feeders in a serum-supplemented proprietary StemPro-34 (Gibco)-based medium, which contained the original StemPro-34 supplement plus 16 individual compounds and FBS with a cytokine mixture of GDNF, FGF2, LIF, and epidermal growth factor (EGF) [117] . Using the enriched culture media, quiescent gonocytes resumed proliferation and formed grape-like clusters. They continuously proliferated and expressed several spermatogonial markers such as ITGA6, ITGB1, and EPCAM. Although SSCs in seminiferous tubules are believed to be subpopulation of A s spermatogonia presenting as single cells, continuously proliferating spermatogonial cells in culture formed cellular aggregates, which did not look like typical A s spermatogonia that appear as individual, isolated cells in the seminiferous tubule. However, the transplantation assay unequivocally demonstrated that the aggregated cells possessed SSC activity, and the recipient mice generated progeny with the donor haplotype by micro insemination. The grape-like proliferating cells generated ∼12 colonies per 10 5 cells transplanted [117] , which is similar to the stem cell activity of neonatal gonocytes purified by FACS or MACS that generated 17-22 colonies per 10 5 cells transplanted [18] . The continuously proliferating cells were named GS (germline stem) cells; however, formation of grape-like cluster did not occur, when gonocytes from C57BL/6 or 129/Sv mice were cultured in the same culture condition [117] . Interestingly, GS cells developed from DBA/2 genetic background spontaneously transformed to pluripotent stem cells, which were designated multipotent GS (mGS) cells, with characteristics similar to ES cells, although the appearance occurred only about once in 30 testes [118] . Because spontaneous transformation of SSCs to pluripotent cells in normal mouse testes is extremely rare, this unique characteristic of GS cells suggests that they might not be identical to normal SSCs. In fact, GS cells could proliferate in an anchorage independent manor, indicating attaching to basement membrane is not absolutely required for continuous proliferation [119] . These unique characteristics of GS cells are likely acquired during the developmental process or long-term cultivation. GS-like cell lines, which retain SSC activity and spontaneously acquire pluripotency potential, have also been established from adult testes using similar StemPro-34-based culture conditions [120] [121] [122] . Therefore, although SSCs are unipotent stem cells in the testis, the transformation capability of GS cells into pluripotent stem cells makes them a valuable tool to investigate and understand pluripotent characteristics of the germline. Furthermore, although an SSC population was never maintained in the testes of homozygous GDNF-knock-out mice [123] , FGF2-dependent GS cells could be established in the absence of GDNF [124] . It is important to clarify the origin of FGF2-dependent GS cells and the presence of similar FGF2-dependent spermatogonia in normal or GDNF-knockout mouse testes. Because FGF2 is a potent mitogen for PGCs, and the FGF2-dependent GS cells express the KIT receptor-like PGCs, it is quite valuable to investigate whether they can generate pluripotent stem cells as seen in PGCs or GS cells cultured with GDNF. Identification of essential extrinsic factors for self-renewal of SSCs is crucial not only to establish long-term culture conditions for SSCs but also to elucidate the competency of SSCs [93] . One approach to accomplish this is cultivation of SSCs under a defined culture system and subsequent transplantation to evaluate the SSC activity of cultured SSCs following stimulation with various candidate factors. For this purpose, a culture system consisting of a spermatogonial population enriched for SSCs, a serum-free medium containing minimum compounds, and a mitotically inactive STO feeder cells, has been developed, which was originally described for hepatic stem/progenitor cells [125] . When THY1 + undifferentiated spermatogonia from pups were cultured on STO feeders in a serum-free defined medium consisting of alpha MEM basal medium containing bovine serum albumin (BSA), insulin, transferrin, selenium, putrescine, 2-mercaptoethanol, free fatty acids, HEPES, and antibiotics, the immature germ cells formed morula-like, tightly packed clumps, which continuously proliferated ( Figure 6 ). The THY1 + undifferentiated spermatogonia from DBA background mice continuously proliferated in a GDNF-dependent manner and generated spermatogenic colonies following transplantation, indicating they contained SSCs [37] . Although the STO cells, like primary MEFs, produce LIF, SCF, and EGF [126, 127] , these factors did not show any beneficial effect on SSC proliferation [18] . On the other hand, THY1 + undifferentiated spermatogonia from non-DBA/2 mouse strains, such as C57BL/6 or 129/Sv, did initially formed clumps, but ceased proliferation and disappeared within a few weeks [37] . However, addition of a small amount of FGF2 (1 ng/mL) or soluble GFRA1 allowed slow but continuous proliferation of SSCs from non-DBA/2 mouse strains [37] . GFRA1 is a GDNF-binding subunit of the GDNF receptor complex that consists of RET receptor tyrosine kinase and GFRA1, a glycosil phosphatidylinositol-anchored molecule. Free soluble GFRA1 and GDNF bind in the culture medium, and the GDNF/GFRA1 complex directly and more intensely stimulates RET activation [128] . Adding both factors, FGF2 and GFRA1, with GDNF in the medium, allowed THY1 + undifferentiated spermatogonia from all mouse strains examined to proliferate indefinitely in this defined culture condition [37] . The proliferating cells were THY1 + ITGA6 + GFRA1 + CDH1 + EPCAM + , and their SSC activity was 200-400 colonies per 10 5 cell transplanted, which is equivalent to freshly isolated undifferentiated spermatogonia from postnatal testes [18, 37, 93, 129] , indicating that the clump-forming cells in the serum-free condition are phenotypically and functionally identical to SSC-enriched undifferentiated spermatogonia, which represent a heterogeneous mixture of SSCs (a smaller portion) and progenitors (a greater portion). When the clump cells were transplanted into infertile males, the recipients produced progeny carrying the donor SSC haplotype. In this culture condition, the clump cells maintained stem cell activity and doubled every 5.6 days for more than 6 months [37] . The culture system can be improved by reducing the atmosphere oxygen concentration. Compared with an air atmosphere (21% O 2 ), a 10% O 2 atmosphere significantly enhanced self-renewing proliferation of SSCs in culture. Following 15-day culture under a 10% O 2 atmosphere, the number of SSCs increased 1.5-fold [129] . In addition, a beneficial effect of a reduced O 2 condition on cultured SSCs has been confirmed in a long-term culture [130] 
Rat
Two rat SSC culture systems have been developed by modification of the mouse SSC culture conditions [131, 132] . One of these conditions is essentially the same as the mouse SSC culture system consisting of serum-free medium, STO feeders, and the same growth factors, GDNF, FGF2, and GFRA1 [131] . Rat undifferentiated spermatogonia were enriched by MACS with an antibody for rat EPCAM [133] and cultured on STO feeder cells in a serum-free defined medium with an increased concentration of several components (BSA, insulin, transferrin, selenium, putrescine, 2-mercaptoethanol, and free fatty acids) and reduced osmolality. Like mouse SSCs, rat undifferentiated spermatogonia formed clumps and proliferated indefinitely in a GDNF-dependent manner. FGF2 and GFRA1 were also supportive. The cultured cells generated spermatogenic colonies in the testes of Busulfan-treated recipient rats following transplantation, and offspring were successfully produced by mating with female rats.
These results clearly indicated that the clump-forming cells derived from rat undifferentiated spermatogonia contain rat SSCs that are able to self-renew and generate functionally normal spermatozoa [131] . An important finding is that GDNF is the key growth factor for the formation and proliferation of clump-forming cells, including rat SSC, and FGF2 supports their continuous proliferation. The second long-term culture condition for rat SSCs consists of MEF feeder cells and a serum-free medium containing the proprietary B27 supplement minus vitamin A (Gibco), supplemented with GDNF and FGF2 [132] . The culture medium was StemPro-34-based GS cell medium, but serum was replaced with B27 supplement, a serum-free supplement developed for supporting neural cell cultures [134] . Although the original B27 supplement contains vitamin A, B27 minus vitamin A was used for rat SSC culture because vitamin A is a potent differentiation factor for spermatogonia. When the B27 supplement minus vitamin A replaced serum in the StemPro-34-based GS cell medium, rat spermatogonia enriched for SSCs by FACS continuously proliferated [132] . Serum-supplemented GS medium was initially used, but the number of rat germ cells progressively decreased after each subculture due to overgrowth of fibroblasts [132] . This is reminiscent of a dramatic decrease of SSC numbers that occurred when mouse SSCs were cultured with a combination of serum and testicular somatic cells [18] . Interestingly, a subsequent study showed that a serum-free DMEM/F12 medium supplemented with B27 minus vitamin A seemed better than the StemPro-34-based medium for rat SSC culture [135] . Likewise, B27 supplementation and removal of FBS in the GS medium improved the cell proliferation rate of mouse GS cells, although FBS appeared to be necessary for initial derivation of mouse GS cell lines on primary MEF feeder cells [136] . Rat pluripotent stem cell lines have not been developed from cultured rat SSCs in the GS medium.
Rabbit
The in vitro culture techniques and the functional transplantation assay have revealed that the extrinsic factors for self-renewal of murine and rat SSCs are identical; however, those for nonrodent SSCs are not clear. The first long-term culture of nonrodent clump-forming germ cells with SSC potential was for rabbit [137] . Mice and rats diverged phylogenetically approximately 11 million years ago [138] , while rabbits diverged from rodents about 60-70 million years ago [139] . Thus, cultivation of rabbit SSCs could provide a valuable foundation for development of other nonrodent SSC cultures. When rabbit germ cells were transplanted into mouse testes, putative rabbit SSCs colonized and proliferated for several months, although no spermatogonial differentiation occurred [26] . This indicates that exogenous factors to support long-term maintenance and proliferation of rabbit SSCs exist in mouse seminiferous tubules, and GDNF and FGF2 are logical candidates for those factors. In the presence of GDNF and FGF2, STO feeder cells could not support clump formation and proliferation of rabbit primitive spermatogonia; however, C166 feeder cells, a yolk-sac-derived endothelial cell line, did support clump formation and proliferation of rabbit germ cells in the serum-free medium used for rodent SSCs [137] . The proliferation of rabbit germ cell clumps was dependent on GDNF, but FGF2 was not required for continuous proliferation. The possibility of a role for FGF2 on the initiation phase of cultivation cannot be ruled out. The rabbit clump-forming cells expressed several undifferentiated spermatogonial markers identified for rodents, including promyelocytic leukaemia zinc finger (PLZF), POU5F1, GFRA1, RET, THY1, CD9, and ITGA6 in addition to evolutionally conserved germ cell-specific protein DEAD-box polypeptide 4 (DDX4, also known as VASA) [137] . To demonstrate that the clump-forming germ cells on C166 feeder cells were rabbit SSCs, functional characterization was necessary. Because an assay to evaluate rabbit SSC activity that includes both self-renewal and differentiation capability to produce functional sperm has not been established, the clump-forming germ cells on C166 feeder cells were transplanted into immunocompromised mouse testes, which is the most reliable method to evaluate SSC potential for nonrodent SSCs [26-30, 82, 83] . After genetic labeling of the clump cells to avoid any misinterpretation, they were transplanted into mouse testes. Although no donor-derived spermatogenesis occurred, the rabbit clump-forming germ cells colonized and proliferated in the recipient testes for at least 6 months. Furthermore, they retained their undifferentiated spermatogonial phenotype during this period. Therefore, it is very likely that the transplanted clump-forming cells cultured on C166 feeders contained rabbit SSCs. However, to unequivocally prove that they are rabbit SSCs, a transplantation assay using rabbit testes is required, because demonstration of biological competency in vivo is the gold standard for identification of stem cells in any type of tissue.
In the transplantation experiments using immunocompromised recipient mice for nonrodent SSCs, at least two issues must be carefully addressed. First, donor-derived cells must be unequivocally identified in recipient testes and should be distinguished from recipient cells. Although donor-cell specific antibodies can be used for whole-mount analyses [26] [27] [28] [29] , a possibility of cross-reaction by antibodies always persists. In particular, when the specificity of the antibody is not high or colonized cell number is low, the judgment will be difficult. Therefore, genetic labeling of donor cells by introducing a reporter gene is preferable to avoid any misinterpretation. In the rabbit study, the clump-forming germ cells were labeled with the β-galactosidase or GFP gene using lentivirus vectors before transplantation [137] . By X-gal staining, β-galactosidase-expressing donor rabbit cells could be readily identified as blue cells on the basement membrane in recipient mice. The second critical issue is characterization of colonized cells, because some types of somatic cells also can colonize the testis [26, 27, 53] . If the colonies have developed from transplanted SSCs, such colonies should consist of primitive spermatogonia or self-renewing SSCs. By flow cytometry, GFP-expressing rabbit donor cells in the recipient testes were identified and shown to retain the undifferentiated spermatogonial phenotype for 6 months [137] .
Development of long-term cultivation techniques for SSCs derived from nonrodent species except rabbit have not been successful. Thus, the approach of this rabbit experiment, including development of a culture condition and assessment of transplanted cultured germ cells for a long-period, serves as a model of initial assessment for SSC activity of cultured germ cells from other nonrodent species, including domestic animal and human SSCs.
Domestic animals
The long-term culture of SSCs or undifferentiated spermatogonia from domestic animals, other than rabbits, is still in its infancy [140] . When freshly isolated testicular cells from domestic animals, including dogs, pigs, cattle, and horses, were transplanted into immunocompromised mouse testes, colonies of undifferentiated spermatogonia likely derived from putative SSCs were identified. Cryopreserved testis cells also resulted in colonization following transplantation. However, after short-term culture of the testis cells, the colonizing cells appeared to be primarily fibroblasts, and donor spermatogonia could not be unequivocally identified [26, 27] .
Although xenogeneic transplantation experiments using fresh germ cells suggest that mouse and other domestic animals share the survival and mitogenic factors for putative SSCs, research to evaluate culture conditions for each domestic animal species is required [18, 37, 114, 129, 131, 132, 141] . Culture conditions that have been evaluated include enrichment methods for spermatogonia, modification in composition of medium (basal medium, serum, supplements for serum-free medium, etc.), various types of feeder cells (MEFs, same species-derived primary cells, established cell lines, etc.), appropriate growth factor combinations (GDNF, FGF2, LIF, EGF, etc.), and different physical conditions (temperature, oxygen concentration, etc.). Using this approach, a canine short-term culture that allowed lentiviral gene transfer into canine SSCs was developed [75] . The genetically modified SSCs were transplanted into canine recipients, which were previously irradiated to destroy endogenous spermatogenesis, and the donor cells produced genetically modified spermatozoa for 4 months. In addition, a culture condition that allows survival of bovine undifferentiated spermatogonia for 2 months has been reported [142] . However, colonization of neither murine nor bovine recipient testes following transplantation was reported for these cells; therefore, it is unclear whether the cultured cells contained functional bovine SSCs or undifferentiated spermatogonia. Currently, no long-term culture system capable of supporting proliferation and maintenance of SSCs that can reconstitute donor-derived spermatogenesis in recipient immunocompromised mouse testes or the same species recipient testes has been reported for domestic animals [140, 143] . Because long-term culture systems are crucial to investigate the biology of domestic animal SSCs and to use these cells in practical applications, such as germline modification, further studies are critical.
Human
In vitro expansion of human SSCs is of great clinical value, and a number of studies on culture of human germ cells have been reported [144] [145] [146] [147] [148] [149] [150] , but conclusive demonstration of the existence of human SSCs is challenging. Most culture conditions that have been used are modified from the GS cell culture system. In these conditions, two types of cell aggregates appeared after cultivation of human testis cell suspensions. One type had a round shape, while the second type had flattened morphology consisting of tightly attached cells, which appeared similar to ES cells [144] . The round aggregates expressed several spermatogonial markers, including PLZF, GFRA1, ubiquitin carboxyl-terminal hydrolase L1 (UCHL1), and G proteincoupled receptor 125 (GPR125); therefore, they were considered to be primitive spermatogonia [144, 151] . Following transplantation to immunocompromised mouse testes only single donor cells were identified [144, 151] . Because cellular identity of these colonized cells in the recipients was not examined, further characterization to determine whether they are human primitive spermatogonia will be required.
The absence of a functional assay system to identify unequivocally human SSCs has resulted in considerable controversy regarding interpretation of human SSC culture experiments [84, [152] [153] [154] . Although the cellular identity of human SSCs in the cultures was determined based on expression of SSC markers previously identified in rodent SSCs, recent studies have clearly demonstrated that several putative markers used for identifying human SSCs are expressed in nongerm cells of primary and cultured human testis cells [152, 153] . In particular, it has been shown that PLZF, GFRA1, UCHL1, GPR125, and ITGA6, which were used to identify human SSCs in previous studies, are expressed in many testicular somatic cells. Therefore, in either culture experiments or transplantation experiments, detection of several putative human spermatogonial markers, such as PLZF, GFRA1, UCHL1, GPR125, and ITGA6, is not reliable to identify human spermatogonia. A possible approach to avoid the problem would be the identification of reliable human SSC-specific markers. Determining molecular signatures by various omics studies of human undifferentiated spermatogonia would be helpful for identification, which would facilitate detection and characterization of cultured human SSCs and colonized donor cells in recipient testes [155] [156] [157] [158] .
Several reports indicated that ES-like cells appeared by culturing human testicular cells under GS cell culture conditions [144, 159] or ES cell culture conditions [160, 161] . Although the ES-like colonies are believed to be derived from SSCs or primitive germ cells, gene expression analysis suggested that their origin is mesenchymal cells [162, 163] , indicating that the ES-like colonies formed in the culture conditions may not be SSC-derived cells. In conclusion, while several reports proposed that human SSCs or SSC-derived pluripotent cells could be continuously cultured over months, these published reports remain controversial regarding the functionality of the stem cells; therefore, further rigorous evaluation is required. Development of a definitive functional assay to evaluate the competency of human SSCs will be essential to acceptance of any published techniques.
Regulation of self-renewal and fate determination
In vivo and in vitro studies have established GDNF as the primary extrinsic factor stimulating self-renewal of mouse SSCs in a dosedependent manner. A high concentration of GDNF promotes proliferation of undifferentiated spermatogonia, and a low concentration of GDNF induces spermatogonial differentiation [36, 37, 116, 136] . Not surprisingly, expression of the GDNF receptor, which consists of GFRA1 and RET, on SSCs is also critical for their fate determination. In particular, GFRA1 is high in A s spermatogonia, which contain SSCs, but the expression decreases in A pr and A al spermatogonia [164] . Although knock-out mice homozygous for Gdnf, Gfra1, or Ret are neonatal lethal, the effect on spermatogenesis of deficiencies of any of these genes on spermatogenesis can be investigated by analyzing testes grafted into mature mice. When normal neonatal testes are grafted to the back/flank of castrated male nude mice, the grafted testes initiate spermatogenesis and eventually generate functional spermatozoa [165, 166] . When neonatal testes of homozygous Gdnf, Gfra1, or Ret knock-out mice were grafted into recipient mice, no spermatogonial proliferation occurred, but spermatogonial differentiation was initiated. Therefore, the grafted testes eventually showed a Sertoli cell-only phenotype because spermatogonia did not proliferate [123] . Collectively, these results clearly indicated that the GDNF-RET signaling pathway plays the central role for regulation of fate determination, self-renewal or differentiation, of murine SSCs, although other exogenous factors have a role.
To understand the molecular mechanism of self-renewal in mouse SSCs, elucidation of GDNF-RET signal transduction is essential, and identification of the target effector molecules is crucial. Using the serum-free culture system for mouse SSCs, several GDNF-responsive genes including B cell CLL/lymphoma 6B (Bcl6b), LIM homeobox 1 (Lhx1), ets variant 5 (Etv5), Pou3f1 (Oct-6), and Brachyury were identified by transcriptome analysis, and knock-down of each gene led to a reduction of stem cell activity [167] [168] [169] . Culturing SSCs with specific kinase inhibitors revealed that Src family kinases and Akt are critical for the effect [170] . Other in vitro experiments with SSCs also showed that proliferation of SSCs is dependent on the two signaling pathways [171, 172] . Among the GDNF-responsive genes, Etv5 is a key factor because Etv5 upregulates Ret, Bcl6b, Brachyury, chemokine (C-X-C motif) receptor 4 (Cxcr4), a receptor for CXCL12, and microRNA-21 (miR-21), which prevents apoptosis of SSCs [169, 173, 174] (Figure 7) . Although Etv5 is expressed in spermatogonia and Sertoli cells [175] , the endogenous expression in spermatogonia is indispensable for SSC competence [173] . Since development of SSC cultivation methods, the number of GDNF-responsive molecules supporting SSC self-renewal has increased dramatically, and they now include microRNAs, long noncording RNAs, and phosphorylated proteins [174, 176, 177] . Identifying important pathways, target genes and elucidating the functional interaction between these molecules will be an exciting focus of future studies.
In addition, gene expression analyses of newly isolated, undifferentiated spermatogonia, as well as cultured germ cells enriched for SSCs and lineage-tracing experiments have identified several genes, such as Bmi1, Pax7, and Id4, which are expressed in long-term selfrenewing A s spermatogonia in testes [98, 104, 178, 179] [102, [180] [181] [182] [183] . Because expressions of several of these factors, including Plzf, Taf4b, and Foxo1, are not upregulated by GDNF [184] , SSC self-renewal and fate decision are likely regulated by both GDNF-responsive factors and non-GDNF responsive factors ( Figure 7 ). In addition to GDNF, FGF2 is an important factor for SSC selfrenewal, since SSCs from C57Bl/6 mice or 129/Sv mouse strains required FGF2 for self-renewal in culture [37, 93] . Furthermore, in humans, gain-of-function mutations in FGFR2 lead to Apert syndrome, in which growth advantaged SSCs increase in number in aged males and result in the mutant phenotype [38, 185, 186] , indicating that FGFs are positive regulators of SSC proliferation. Interestingly, studies using GS cells showed that Bcl6b, Lhx1, Etv5 were also upregulated by MEK (MAP2K1) activation following FGF2 stimulus [187] , indicating that FGF2, in addition to GDNF, plays an important role in GDNF-responsive gene expression. However, in the serum-free culture system, the target molecules of FGF2 in SSCs have little overlap with genes regulated by GDNF, indicating that FGF2 plays a distinct role on SSC self-renewal [48] . Because FGF2 alone cannot support SSC self-renewal, the role of FGF2 on SSC self-renewal must be defined in the context of a GDNF stimulus. Further detailed elucidation of the self-renewal mechanism of mouse SSCs is central to understanding the fate determination process and would serve as a foundation for establishing the universal self-renewal mechanism in other mammals.
Germline modification and gene therapy using spermatogonial stem cells
In the adult body, germ cells are the only cells that can transmit genetic information to subsequent generations. In mammals, female germ cells do not increase in number following birth; however, in the male, germ cells continue to divide and represent a renewable After GDNF binds to a ligand binding receptor GFRA1, the complex activates RET receptor tyrosine kinase following activation of Akt and Src-family kinases. The GDNF stimuli induces expression of many genes in SSCs, including transcription factor-encoding genes, Etv5, Bcl6b, Lhx1, Brachyury, Ret, Cxcr4, Pou3f1, and Id4. These transcriptional factors are involved in SSC self-renewal. Plzf, Taf4b, and Foxo1 also play important roles on SSC self-renewal, but their expression is not regulated by GDNF. FGF2 is the second critical factor for SSC self-renewal, which induces Etv5 expression through MEK activation. Etv5 appears to be a key molecule, because this transcription factor upregulates other GDNF-inducing genes. MicroRNA-21 (miR-21) expression is regulated by Etv5 and inhibits apoptosis in SSCs. GDNF and FGF2 are produced from Sertoli cells in the testis. Modified from [156] .
source of the genetic code, which will be modified through meiosis during spermatogenesis and produce a large array of recombined genotypes in spermatozoa. Access to this renewable source is represented by SSCs; therefore, an enormously valuable application of the techniques described above is for germline modification [188] . The first transgenic animals using SSCs were created by transduction of mouse SSCs using a retrovirus vector containing the β-galactosidase gene [189] . Subsequent development of long-term culture systems has allowed a variety of techniques to be used for genetic modification of SSCs, resulting in generation of not only knock-out mice by homologous recombination [190] , but also transchromosomic mice [191] and gene-edited mice using the TALEN or, in particular, the CRISPR/Cas9 system [192, 193] . In rats, similar to the mouse system, the first SSC-based transgenic rats were generated using a lentiviral vector [194, 195] . Subsequently, gene editing of rat SSCs by the CRISPR/Cas9 system has also been developed [196] .
A number of genetic mutations causing genetic disorders in human have been identified, and germline gene editing may be considered for therapy to correct these genetic defects. Although recent reports of gene editing in human preimplantation embryos using CRISPR/Cas9 are controversial [197] , once a stable culture system for human SSCs has been developed, the ethics of research designed to generate spermatozoa from gene-edited human SSCs will require serious discussion. Using eggs, gene-editing studies have revealed that off-target effects and mosaicisms are two major problems, but cultured SSCs can avoid these concerns because off-target SSC clones can be identified, and the proper targeted SSCs selected to produce corrected spermatozoa (Figure 8 ).
Clinical applications and future directions
Transplantation of SSCs from immature males before puberty can produce functional spermatozoa, and SSCs can be cryopreserved for over 14 years [24, 25] . Thus, one of potential clinical applications using human SSCs is in prepubertal boys undergoing chemotherapy or radiation treatment for cancer [198, 199] (Figure 9 ). Germ cells including SSCs are very sensitive to chemotherapeutic agents and radiation, and about 80% of childhood cancers can now be cured. Currently, it is estimated that approximately 1 in 5000 males of reproductive age are infertile or severely subfertile as a result of treatment for childhood cancer [200] . While adults can cryopreserve semen before cancer therapies for future use in artificial insemination or in vitro fertilization, prepubertal boys cannot use this option, because functional spermatozoa have not developed. Instead, cryopreservation of a testicular biopsy obtained before cancer treatment begins containing SSCs is an option for prepubertal boys. After cancer treatment, autologous spermatogonial transplantation by testicular cells recovered from the cryopreserved tissues can be used to establish spermatogenesis [201] . Once efficient culture methods to allow in vitro expansion of human SSCs have been developed, the . Clinical application of SSCs and spermatogonial transplantation. In a prepubertal patient with cancer, a testis biopsy containing SSCs can be taken before cancer treatment with chemotherapy or irradiation. The biopsy containing SSCs or SSCs after in vitro expansion could be cryopreserved. After successful cancer treatment, the SSCs would be autologously transplanted to the patient's testes to restore fertility. For a patient carrying a genetic defect, the defective gene could be corrected in SSCs during culture (see Figure 8 ). The SSCs with the corrected gene could be transplanted into the testes of the patient. Modified from [198, 199] . Mating to a wild-type female will produce fluorescent pups from these spermatozoa. (E) Fluorescent pups of the type that would be produced from spermatozoa that were reprogrammed from somatic cells with a GFP marker. Modified from [37] .
number of SSCs can be greatly increased before cryopreservation or transplantation, which improves recovery of spermatogenesis in recipient testes (Figure 9 ).
For this therapeutic approach, potential contamination by malignant cells in donor cell suspensions must be avoided, and purification of human SSCs before transplantation is a feasible solution. Identification of the unique surface phenotype of human SSCs will allow both enrichment of human SSCs and elimination of cancer cells before transplantation [155] . THY1 and EPCAM have been identified as useful cell surface markers to enrich putative SSCs in human. In addition, human SSCs do not express MHC-I, CD45, and CD49e (integrin α5), while leukemic cells strongly express these cell surface molecules. By staining donor cell suspensions with fluorochromeconjugated antibodies against these cell surface molecules, contamination of tumorigenic cells in donor cell suspension could be avoided by FACS [202] . In addition, culture techniques for selective human SSC expansion, would facilitate removal of any potential cancer cells prior to transplantation.
There has been increasing interest in reprogramming a somatic cell, particularly a somatic stem cell, into a germline cell, represented by either a one-cell egg or an SSC. The ability to convert a somatic cell of any type to a germ cell would be a revolutionary advance. Reprogramming a somatic cell to an SSC, in some ways, appears the most direct or simplest, since it does not initially involve meiosis. In many reprogramming experiments, an adult somatic cell is converted into an iPS cell, and then differentiates into an oocyte or SSC (or SSC-like cell) via epiblast-like cells and PGC-like cells [22, 203, 204] . However, these experiments contain numerous steps, are difficult, and have a low efficiency. The specificity and power of the spermatogonial transplantation system allows one to transplant many cells, and if there are a few SSCs present, they are the only cells that will continuously proliferate and differentiate in the seminiferous tubules of the recipient testis and generate spermatozoa.
Instead of generating iPS cells, another approach would be a direct reprogramming of adult somatic cells into SSCs. For example, skin hair follicle cells can be used for an initial cell population, because the bulge of the follicle contains stem cells, which can be isolated and grown in vitro. A potential sequence for converting hair bulge cells to functional germ cells is diagrammed in Figure 10 . The bulge cells can be isolated by dissecting the hair follicles and establishing a culture. A variety of techniques or systems can be used to convert or reprogram the cultured bulge cells to SSCs. Following reprogramming events, some cells will be converted to SSCs, and when these cells are cultured and transplanted to a recipient testis, the seminiferous tubules will determine which if any of these cells have been reprogrammed. The power of this system is that tens of thousands of the somatic cells can be exposed to reprogramming factors or environments, and if only a few are reprogrammed, the seminiferous tubule of the recipient mouse will select them and produce a colony of spermatogenesis. As many as one million cells can be transplanted into a single testis, and the colonizing efficiency of an SSC is approximately 1 in 10 following transplantation (see above). Since 10 to 20 recipient testes can be injected in a single day, the spermatogonial transplantation system provides a highly efficient system from which to select a very few functional SSCs from many potentially reprogrammed cells. Changes along the reprogramming pathway can be analyzed following establishment of the process. Understanding the reprograming process from a somatic cell of any type into an SSC would be an enormous advance that would allow not only a window into the biological differences between somatic cells and germline cells, but also provide a powerful approach to elucidate germ cell development. Studies to reprogram somatic cells into SSCs are an enormously important future direction and would provide a major advance to the germ cell field.
